Abstract: Large-scale transcriptome and methylome data analyses obtained by high-throughput technologies have been enabling the identification of novel imprinted genes. We investigated genome-wide DNA methylation patterns in multiple human tissues, using a high-resolution microarray to uncover hemimethylated CpGs located in promoters overlapping CpG islands, aiming to identify novel candidate imprinted genes. Using our approach, we recovered~30% of the known human imprinted genes, and a further 168 candidates were identified, 61 of which with at least three hemimethylated CpGs shared by more than two tissue types. Thirty-four of these candidate genes are members of the protocadherin cluster on 5q31.3; in mice, protocadherin genes have non-imprinted random monoallelic expression, which might also be the case in humans. Among the remaining 27 genes, ZNF331 was recently validated as an imprinted gene, and six of them have been reported as candidates, supporting our prediction. Five candidates (CCDC166, ARC, PLEC, TONSL, and VPS28) map to 8q24.3, and might constitute a novel imprinted cluster. Additionally, we performed a comprehensive compilation of known human and mice imprinted genes from literature and databases, and a comparison among high-throughput imprinting studies in humans. The screening for hemimethylated CpGs shared by multiple human tissues, together with the extensive review, appears to be a useful approach to reveal candidate imprinted genes.
Introduction
The appropriate gene expression of each cell type is controlled by several mechanisms, and for most genes, both or neither of the alleles are expressed, depending on the state or identity of a given cell. However, many genes are monoallelically expressed, such as the majority of those on the inactive X chromosome, autosomal genes exhibiting random monoallelic expression, those regulated by polymorphisms in cis-regulatory elements, and imprinted genes (IG) [1] .
The most important epigenetic modification at imprinted loci is DNA methylation, that is, the addition of methyl groups in CG dinucleotides, known as CpG sites. Genomic segments presenting with a higher density of CpGs compared to the whole genome are known as CpG islands; these segments constitute 1-2% of the mammalian genome, and are associated with most promoters in both human and mouse genomes [2] . Imprinted genes are rich in CpG islands, and acquire methylation according to the parental origin of the allele, leading to differential expression. Two types of differentially methylated regions (DMRs) have been described in imprinting: germline (or primary) DMRs, whose pattern of methylation is established during gametogenesis, and is maintained through the wave of demethylation and remethylation that occurs at the early stages of mammalian embryo development; and somatic (or secondary) DMRs, which become differentially methylated in the promoters of some IGs, after egg fertilization, and can be tissue-specific [3] . Once established, the cells and their descendants have the same methylated allele at a given IG.
About one-third of known IGs are non-coding RNAs (ncRNAs), many of which are small RNAs [4] . Although some IGs occur isolated or in pairs, the majority of human IGs (~65%) are arranged in clusters of three or more genes in segments up to 2.3 Mb in size, that are structurally conserved between humans and mice. Ten human imprinted clusters have been characterized so far, mapping to 2q33.3, 6q24.2, 7q21.3, 7q32.2, 11p15.5p15.4, 14q32.2, 15q11. 2, 19q13.43, and 20q13.32 . Most clusters consist of both maternally and paternally imprinted genes, at least one imprinted ncRNA (microRNA, snoRNA, or lncRNA), as well as non-imprinted genes [3] . In order to achieve parental specific expression, each cluster is controlled by a master cis-acting element, the imprinting control region (ICR). The ICR control mechanisms might differ from one cluster to another, but typically include promoter or intergenic methylation, insulators and ncRNA transcripts [5] [6] [7] [8] . The ICRs harbor parent-specific DMRs and regulate allelic expression of many genes across long distances within the imprinted cluster. Promoters of singleton IGs are also differentially methylated, frequently acting as ICRs [9] . Despite DNA methylation being the best-known epigenetic mark found in IGs, ICRs also show allelic differences in chromatin structure, involving histone modifications [10] .
Most human IGs were identified in familial studies of morbid conditions with manifestation dependent on maternal or paternal transmission, or otherwise, by comparison to mouse IGs. In general, the approaches used to identify novel IGs are based on three main features: presence of an epigenetic signature, monoallelic expression dependent on parental origin, and specific characteristics of the DNA sequence (such as Short interspersed nuclear elements-SINE-exclusion) [3] . Currently, large-scale transcriptome and methylome analyses of data obtained by high-throughput technologies, such as microarrays and next-generation sequencing, are enabling the identification of new candidate IGs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
In the present study, we investigated the genome-wide DNA methylation pattern of hundreds of thousands of CpG sites in multiple human tissues, using the high-resolution Infinium 450K array platform (HM450K, Illumina, Inc, San Diego, CA, USA). We applied stringent criteria that allowed robust identification of genomic hemimethylated CpG sites, and a surrogate marker for monoallelic methylation, thus disclosing candidate IGs. In addition, we performed a comprehensive compilation of all known IGs in both human and mice, based on pertinent literature and databases.
Results

Compilation of Known Imprinted Genes in Human and Mice
Using two available imprinting public databases, the Catalogue of Imprinted Genes and Parent-of-Origin Effects in Humans and Animals [21] and Geneimprint [22] , all genes classified as "imprinted" in at least one of the databases were selected, resulting in a list of 103 known IGs in humans (Table S1 ), and 150 in mice (Table S2 ). Most IGs are conserved between humans and mice; however, excluding those that have no orthologs between the two species, 62 are specific to mice and only 27 to humans, which may reflect the difficulty in identifying IGs in humans. Only one gene (DLX5) has a contradictory imprinting status in humans between both databases; given that this gene is not imprinted in mouse, its imprinting status needs to be better characterized in human. A growing number of putative IGs, in which allele-specific expression (ASE) has been demonstrated in one or more human tissues, have been described in the past few years using genome-wide methodologies-ARMC3, WDR27, WRB, NHP2L1, AGBL3, MCCC1, MIR512-1, MX2, NOTCH3, NDUFB, FAM19A5, RMI2, HERC3, SORCS2, ANTXR1, PTPRN2, PMF1, PRSS50, THEGL, UGT2B4, FRG1, DHFR, KIF25, NAPRT1, INTS4, AMPD3, LPAR6, MEG9, RP11-7F17.7, SNHG14, GNG7, and CST1 [11, [15] [16] [17] [18] [19] [20] (all known and candidate IGs are listed and compared in Table S3 ). ASE in some tissues and/or differential methylation patterns are indicative of imprinting, but, for validating candidate IGs, the analysis of ASE in family trios is necessary to exclude random monoallelic expression and to distinguish the candidates from possible cis-regulatory elements [23] . More recently, novel IGs have been described, after validation using familial data-ZNF331, RHOBTB3, PAPPA2, UTS2, PSCA, PPIEL, ENST00000393177, PAX8, PAX8-AS1, PID1, HM13, and ZNF595 [17, 19, 20] . The ZNF331, RHOBTB3, and PAPPA2 genes have a "provisional" status in the Catalogue of Imprinted Genes and Parent-of-Origin Effects in Humans and Animals, and the other genes were not included in the two public databases, and therefore, were not listed in Table S1 .
Methylation Array Data Processing and Selection Criteria of IGs
A flow diagram depicting the stages of the analysis shown in Figure 1 . Genomic methylation data were generated from 67 samples from different normal human tissues (leukocyte, brain frontal cortex, liver, breast, melanocyte and chorionic villus), using the HM450K platform (Illumina). A total of 485,577 CpG sites were investigated per experiment. All samples met quality control parameters, data was extracted and normalized, and CpG sites with detection p-value ≥ 0.01 as well as those mapped to the X and Y chromosomes were excluded, reducing by~15,000 the number of probes per experiment.
To search candidate IGs, we first analyzed the methylation pattern of the known human IGs in relation to all CpG sites covered by the HM450K, using array data from leukocytes of 36 healthy donors. The DNA methylation pattern of DMRs in blood has been reported to be robust and representative of DMRs in other human tissues [24] , supporting the use of blood methylation data to define the selection criteria. The graphs presented in Figure 2 show the density of β-values measured for CpG sites associated or not with known IGs, grouped according to their genomic context (Figure 2A-F) . CpG islands ( Figure 2B ) or promoter regions (promoter, 1500TSS, 200TSS, and first exon; Figure 2D ) have similar methylation profiles, with CpGs associated with known IGs that are either hypo, hemi, or hypermethylated. In both cases, we observe an enrichment of CpGs associated with known IGs in intermediate ratios of methylation (hemimethylated regions), compared to other CpG sites in the genome. The greatest enrichment was observed on the overlapping regions of CpG islands and promoters, with a methylation ratio interval of 0.38-0.65 ( Figure 2C ). Thus, the combination of these genomic features was defined as the most suitable criteria to search for novel IGs in our analysis. and promoters, with a methylation ratio interval of 0.38-0.65 ( Figure 2C ). Thus, the combination of these genomic features was defined as the most suitable criteria to search for novel IGs in our analysis. Epigenetic marks are usually maintained throughout the body in known imprinted regions [3, 24] . Based on this fact, we retrieved hemimethylated CpG sites of islands mapped to promoters and selected those shared by at least three different human tissue types. The overlap of hemimethylated CpG sites in multiple human tissues was applied, aiming to detect more generally expressed IGs, but not the tissue-specific ones. In order to detect tissue specificity of imprinting would require screening many more tissue types, which was not the purpose of the study. Our selection criteria were applied to the whole data to call hemimethylated CpG sites that could be associated with both known IGs (positive control) and novel candidate IGs. Epigenetic marks are usually maintained throughout the body in known imprinted regions [3, 24] . Based on this fact, we retrieved hemimethylated CpG sites of islands mapped to promoters and selected those shared by at least three different human tissue types. The overlap of hemimethylated CpG sites in multiple human tissues was applied, aiming to detect more generally expressed IGs, but not the tissue-specific ones. In order to detect tissue specificity of imprinting would require screening many more tissue types, which was not the purpose of the study. Our selection criteria were applied to the whole data to call hemimethylated CpG sites that could be associated with both known IGs (positive control) and novel candidate IGs. 
Known Imprinted Gene Cpgs Retrieved from the HM450K Methylation Data
We evaluated how many of the known IGs (listed in Table S1 ) were retrieved, by applying the selection criteria described above. Thirty-one of the 103 IGs (30.1%; Figure 3A ) were recovered for presenting at least one hemimethylated CpG site shared by ≥3 tissue types (Table S4 ; Figure 3B ), validating our method for recovering known IGs. Thus, our approach might have the potential to identify novel candidate IGs. 
Mining Novel Candidate Imprinted Genes Using the HM450K Methylation Data
The screening for hemimethylated CpG sites fulfilling our selection criteria identified 295 hemimethylated CpG sites common to ≥3 tissue types (Table S5 ). The total number of retrieved hemimethylated CpG sites per tissue ranged from 720 (melanocytes) to 2640 (chorionic villus) (Figure 4 ). These 295 shared CpGs correspond to 168 candidate IGs, 61 of which hadat least three hemimethylated CpG sites shared by more than two tissue types ( Figure 5 ). Thirty-four of these 61 genes are members of the PCDH gene cluster located on chromosome 5q31.3, which are known to have random monoallelic expression in mice. The remaining 27 genes were considered the top candidates for novel IGs from the present work (Table 1) . Candidate locus with one probe with maternal methylation exclusively in placenta (HM27K) [13] a Provisional imprinted gene described in the Catalogue of Imprinted Genes and Parent-of-Origin Effects in Humans and Animals. 
Characterization of Human Orthologues of Known Mouse IGs, Using the HM450K Human Methylation Data
Human orthologues of 49 known mouse IGs have no evidence of imprinting and were considered in the literature as possible candidate IGs (Table S2) . However, none of these genes were retrieved in the screening for hemimethylated CpG sites under our selection criteria. We searched for hemimethylated CpG sites shared by at least three human tissue types, irrespective of their genomic localization. We detected 61 hemimethylated CpG sites mapped to 13 genes of these human orthologues of the known mouse IGs (Table S6 ).
Comparison of Known and Candidate IGs Detected in Human Imprinting Studies Using High-Throughput Technologies
Recent studies in humans used a variety of tissues, whole-genome methodologies, and different approaches to search for novel IGs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These studies detected, with variable efficiency, a fraction of the known IGs, and some of them revealed novel putative IGs, or validated novel IGs. Summarizing these imprinting studies in humans since 2011, including our data, a total of 383 genes were retrieved (Table S3 ). Sixty-one of them were known IGs, which correspond to 59.2% of all known human IGs (Table S1 ). Fifty-six of the 383 genes (14.6%) were reported in at least two studies, including 36 (36/56; 64.3%) known IGs. Three genes have been recently validated after ASE analysis in family trios (3/56; 5.4%); seven genes (7/56; 12.5%) have been described as putative IGs, after ASE analysis, but lack familial confirmation; for nine genes (9/56; 16.1%), expression analysis was not conclusive or not performed; and the remaining gene (1/56; 1.8%), IGF1R, has been described as non-imprinted in humans.
Discussion
Recent studies have applied different strategies to search for novel IGs in humans. One successful approach is based on monoallelic expression using microarray or RNA-seq [14, 17, 19, 20, 25] . However, the downside of this methodology is that non-imprinted genes may also show monoallelic expression [1, 26] , and imprinted expression is mostly tissue-specific [20, 27] . Another approach that has been extensively explored is the search for epigenetic signature of imprinted regions, using methylation microarrays or next generation sequencing [11] [12] [13] 15, 16, 18] . Although methylation array does not provide data of allelic methylation, the advantage of this approach is that, in most tissues, DNA methylation of IGs is preserved throughout development and adult life, irrespective of their expression status [3, 24] .
As most imprinted DMRs co-localize with CpG islands, our approach focused on promoter regions overlapping CpG islands, genomic features that are well represented on the HM450K microarray. The methodology used here proved to be appropriate, since it allowed the identification of 30.1% of all known IGs. In fact, other groups searching for novel human IGs have obtained similar or lower rates of retrieved known IGs (Table S3) . We did not expect to retrieve all of them, considering the stringency of our selection criteria and other aspects: (1) many IGs are known to be tissue-specific [20, 27] , and might not undergo genomic imprinting in the tissue types that we investigated; (2) whole-genome methylation analysis by microarray is restrictive to the sequences interrogated in the platform, which covers each gene with different quantities of probes; (3) the databases we used to list all known IGs are derived from heterogeneous sources, and can include some false positives [20] ; (4) the intermediate levels of methylation can be a result of mixed cellular composition, which could introduce false positive results in our data. Given all these facts, we considered our detection rate of known IGs to be reasonable. Among our 27 top candidate genes, seven have been previously reported in human imprinting studies, supporting the hypothesis of these genes being imprinted: PLEC, PTCHD3, ZNF331, KIAA2013, SYCE1, HTR5A, and ZNF232 (Table 1) [11, 13, 15, 16] . The ZNF331 (zinc finger protein 331) gene has provisional imprinted status in the Catalogue of Imprinted Genes and Parent-of-Origin Effects in Humans and Animals [28] [29] [30] , and has been recently confirmed to have expression consistent with imprinting in a isoform-specific manner [16, 19, 20] . The putative imprinted gene SYCE1 (synaptonemal complex central element protein 1) had the ASE demonstrated in multiple human tissues [20] . Four hypomethylated CpG sites were found in the PTCHD3 (patched domain containing 3) promoter region in patients with Beckwith-Wiedemann syndrome and multilocus hypomethylation [15] ; moreover, an allele-specific methylation region in PTCHD3 exon 1 has been recently reported in human breast and blood samples [31] , reinforcing the hypothesis of imprinting. Apart from ZNF331, the other genes have not yet been validated.
As most known human IGs occur in clusters spanning up to 2.3 Mb (Table S1) , and typically share common regulatory mechanisms, we looked for retrieved genes mapped closer to known IGs or to each other. Among the 27 top candidates, PLEC (plectin), TONSL (tonsoku-like, DNA repair protein), and VPS28 [vacuolar protein sorting 28 homolog (S. cerevisiae)] mapped to a 665 kb segment on 8q24.3, and might constitute a novel imprinted cluster. Two other genes among the 168 candidates also mapped to this same region 8q24.3, ARC (activity-regulated cytoskeleton-associated protein) and CCDC166 (coiled-coil domain containing 166; alias LOC100130274), which are located 200 kb and~1.3 Mb proximal to PLEC, respectively. Three hypomethylated CpG sites were found in the PLEC promoter region in patients with Beckwith-Wiedemann syndrome and multilocus hypomethylation [15] , which support our findings. However, there is no evidence in the literature for TONSL, VPS28, ARC, and CCDC166 being imprinted. Additionally, the COX4I2 [cytochrome c oxidase subunit IV isoform 2 (lung)] gene is mapped only 90 kb from the known imprinted gene MCTS2P (malignant T cell amplified sequence 2, pseudogene), raising the possibility that it might be imprinted.
The 34 members of protocadherin (PCDH) genes that we retrieved belong to 53 related genes clustered in three major groups, PCDH-α, PCDH-β, and PCDH-γ, which are tandemly arranged. Protocadherins are diversified receptor proteins that play an important role in specific cell-cell connections in the brain [32] . In mice, most Pcdh isoforms display a random combinatorial monoallelic expression in individual neurons, a mechanism supposed to specify neuron identity [33] [34] [35] . Recently, it has been demonstrated that the promoter regions of most Pcdh-α and Pcdh-γ variable exons are differentially methylated in mosaic by the de novo DNA methyltransferase Dnmt3b, during early embryonic development, both in mice brain and liver [36] . However, the Pcdh-associated CpG islands do not show uniparental methylation patterns, in contrast to the observed pattern at the DMRs of IGs [37] . We show that promoter regions of PCDH variable exons have hemimethylated CpGs in multiple human tissues; three allele-independent methylation regions have been recently reported in PCDH-α, in adult human blood, and breast samples [31] . Pcdh non-imprinted monoallelic and random isoform expression has been previously demonstrated in mice; given the evolutionarily conserved organization of the PCDH clusters, this unique type of monoallelic expression might be present in human tissues as well, although this assumption needs validation.
Our screening for hemimethylated CpGs in human orthologues of known mouse IGs, with no imprinting data in humans, retrieved 13 genes; six of them are localized within imprinted clusters in mice, and are within or close to imprinted clusters in human as well-CD81, NAP1L4, USP29, ZIM3, BEGAIN, and MIR379. CD81 gene is listed as non-imprinted in Geneimprint database, but the only evidence against its imprinting status comes from a report of biallelic expression in somatic cell hybrids [38] . In mice, Nap1l4 has controversial imprinting status between databases (Table S2) ; NAP1L4 is biallelically expressed in embryonic and trophoblast stem cells [39] , being a weak candidate in humans. Currently, imprinting evidence for USP29 and ZIM3 is lacking; they are both expressed only in testis [40, 41] , but there are no data about their expression pattern. A DMR was described in the USP29 promoter region [42] , while ZIM3 promoter is unmethylated in adult human tissues.
We compared the high-throughput imprinting studies in human reported since 2011 (Table S3 ) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Different methods were designed to screen novel candidate IGs. Combining these studies, 59.2% of known IGs were recovered. The missing half could be genes with tissue-specific or isoform-specific expression, genes presenting intergenic DMRs, or even genes excluded due to the type of analysis that was made. It is noteworthy that our screening retrieved five known IGs not detected by other groups-TP73, SLC22A3, MESTIT1, KCNQ1DN, and MIMT1, which demonstrates the potential of our method. The status of most genes reported in at least two studies are known (64.3%), recently validated (5.4%) or putative IGs (12.5%), indicating the strength of overlapping of genes to reveal novel candidate IGs, which should be prioritized for validation. In nine overlapping candidate genes, including five of our 27 top candidates discussed above, expression analysis for validation was not conclusive or not performed. Monoallelic expression has been reported for ERLIN2 and LEP genes in leukocyte and placenta, respectively, but confirmation of ASE according to parental origin is still needed [11, 16] . SORD gene was considered a candidate IG in two studies [11, 13] , but allele-specific bisulphite PCR analysis revealed a mosaic methylated profile in its promoter, arguing against the possibility of SORD being imprinted. ZNF396 gene was also considered a candidate IG in two studies [11, 16] ; a maternally methylated DMR restricted to placenta was detected in the promoter of ZNF396 [16] . A DMR has been reported more than once in the overlapping gene IGF1R [15, 16, 43] , although it was shown not to be imprinted in human embryonic and adult tissues [44] .
Materials and Methods
The material and analysis procedures are summarized in the flow diagram in Figure 1 .
Human Tissue Samples
DNA was extracted using a standard phenol-chloroform protocol from normal human samples: 36 leukocyte samples (provided by the Brain Bank of the Brazilian Aging Brain Study Group, São Paulo, Brazil) [45] , two chorionic villi samples (provided by the Institute of Biosciences, University of São Paulo), 17 frozen samples from tumor adjacent normal liver (n = 10) and breast (n = 7) (provided by the Biobank of the A. C. Camargo Cancer Center), nine frozen postmortem brain frontal cortex samples (provided by the Brain Bank of the Brazilian Aging Brain Study Group) [45] , and three primary cultures of melanocytes (provided by the School of Pharmaceutical Sciences, University of São Paulo). 
Genome-Wide DNA Methylation Analysis
Genome-wide DNA methylation profiles were obtained using the Infinium Human Methylation 450K BeadChips (Illumina, Inc.), following manufacturer's instructions. These microarrays interrogate the DNA methylation status across 485,577 CpG loci distributed along the genome at single-nucleotide resolution. Briefly, a total of 1µg of each DNA sample was bisulfite-converted (EZ DNA methylation kit; Zymo Research, Irvine, CA, EUA), amplified, fragmented, and hybridized to Bead Chips. Microarray images were captured by the iScan SQ scanner (Illumina, Inc.).
Array Quality Control and Data Processing
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE103413 (https://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE103413).
Only experiments exhibiting a call rate > 0.98 of probes with detection p-value ≤ 0.01 were considered for data analysis. Microarray data were extracted using the GenomeStudio software (v.2011.1; Illumina) with the methylation module (v.1.9.0). DNA methylation level of each CpG was obtained in β values (β = intensity of the methylated allele (M)/intensity of the unmethylated allele (U) + intensity of the M + 100) ranging from 0 to 1, with 0 indicating unmethylated sites and 1, fully methylated sites. Background subtraction and normalization of data were performed using the Illumina default protocol with internal controls. CpG sites with detection p-value ≥ 0.01, as well as those mapped at X and Y chromosomes, were excluded from further analysis.
We implemented two Perl scripts for the in silico analysis. The first script used data from the Genome Studio software to create a table containing the following columns: (i) TargetID-probe identification; (ii) Sample_Name; (iii) Beta-β value of the probe; (iv) Imprint-associated or not with a known human imprinted gene; (v) Island-annotation of CpG island region according to UCSC; (vi) Promoter-genomic localization at 5'UTR, 1500TSS, 200TSS, or first exon, according to UCSC; (vii) Genes-genes associated with the probe. The data output was used to generate histograms with the package ggplot2 [46] from the R statistical software. The second script received the data from the GenomeStudio software and returned the list of genes containing at least one CpG site mapped in promoter regions overlapping CpG islands, with β values between 0.38-0.65. Only CpG sites fulfilling these criteria in at least 80% of samples in each tissue type were retrieved from the processed data. Genes presenting at least one hemimethylated CpG site in more than two different human tissue types were retrieved. Perl scripts used for the in silico analysis are available upon request.
Conclusions
In summary, the screening for hemimethylated CpG sites shared by multiple tissue types was a useful approach for identifying novel candidate IGs. Further studies should be undertaken to validate the identified candidate loci. Some of our top candidate IGs have also been reported as candidates by other groups. We showed that promoter regions of PCDH genes, located on chromosome 5q31.3, are hemimethylated in multiple human tissue types, which might be related to the transcriptional regulation of these genes. Our compilation of all known human and mouse IGs, combined with the comparison of the recently published imprinting data, will be valuable in future studies of genomic imprinting.
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